Draft version November 30, 2010 

Preprint typeset using LAT^X style cmulatcapj v. 11/10/09 



O 

(N 

> 
O 

CN 

o 

u 

6 

CO 



THE QUASAR / GALAXY PAIR PKS 1327-206 / ESO 1327-2041: 
ABSORPTION ASSOCIATED WITH A RECENT GALAXY MERGER 

Brian A. Keeney, John T. Stocke, Charles W. Danforth 

Center for Astrophysics and Space Astronomy, Department of Astrophysical and Planetary Sciences, University of Colorado, 389 UCB, 

Boulder, CO 80309; brian.keeney@colorado.edu 

AND 

Christopher L. Carilli 

National Radio Astronomy Observatory, P.O. Box O, Socorro, NM 87801 
Draft version November 30, 2010 

ABSTRACT 

We present iZ5T/WFPC2 broadband and ground-based Ha images, H I 21-cm emission maps, and 
low-resolution optical spectra of the nearby galaxy ESO 1327-2041, which is located 38" (14/i-Tq 1 kpc 
in projection) west of the quasar PKS 1327-206. Our HST images reveal that ESO 1327-2041 has 
a complex optical morphology, including an extended spiral arm that was previously classified as a 
polar ring. Our optical spectra show Ha emission from several H II regions in this arm located ~ 5" 
from the quasar position (~ 2 h^Q kpc in projection) and our ground-based Ha images reveal the 
presence of several additional H II regions in an inclined disk near the galaxy's center. Absorption 
associated with ESO 1327-2041 is found in H I 21-cm, optical, and near-UV spectra of PKS 1327-206. 
We find two absorption components at cz a b s = 5255 and 5510 kms -1 in the H I 21-cm absorption 
spectrum, which match the velocities of previously discovered metal-line components. We attribute 
the 5510 kms -1 absorber to disk gas in the extended spiral arm and the 5255 kms -1 absorber to 
high-velocity gas that has been tidally stripped from the disk of ESO 1327-2041. The complexity 
of the galaxy/ absorber relationships for these very nearby H I 21-cm absorbers suggests that the 
standard view of high redshift damped Lya absorbers is oversimplified in many cases. 
Subject headings: galaxies: interactions — intergalactic medium — quasars: absorption lines 
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1. INTRODUCTION 

H I absorption lines in the spectra of background 
quasars are one of the rare astrophysical phenomena to 
be discovered first at great distances, where the far- 
UV Lya transition redshifts into the optical. Only 
with the advent of the Hubble Space Telescope (HST) 
and its UV spectrographs have we been able to study 
these absorption lines at low redshift and probe their 
assoc iations with gas in and around nearby galaxies 
e.g.JMorris et al.lll993t iBowen. Tripp, fe Jenkins! 120011: 



Pcnton, Stocke, & Shull 200 2: iBowen Pettini. fc B lades 
2002t I Jenkins et al.ll2003l : iTripp et al.ll2005HLehner et alJ 
2009). 

Lya produces a "forest" of highly-ionized absorp- 
tion at z > 1.8 in ground-based spectra, as well 
as the occasional (dJV/dz ~ 1) high column density 
(17 < logA^Hi < 20.3 cm" 2 ) "Lyman-limit systems" 
(LLSs; iBergeron fc Bois^[l99l1: iSteidel fc Sargentj|1992t 
lProchaskalll999l iProchaska. O'Meara. k Worsecldl2010( ) 
and the rare (dM/dz ~ 0.1) very high column density 
(logA^Hi > 20.3 cm~ 2 ) "damped Ly a absorbers" (DLAs; 
Wolf e. Gawiser. fc Prochask a 2005). Unlike the vast ma- 
jority of lower column density absorbers, including the 
LLSs, the DLAs consist of primarily neutral gas and so 
are potentially more directly related to star formation. 
Indeed, DLAs represent the largest neutral gas reservoir 
at each redshift of observation, which has been extended 
to z > 5 through the discovery of yery h igh-z QSOs and 
to z < 1.8 using HST (j Wolfe et alJ (20051 ) . 

There is no strong evidence for cosmological evolution 



in Oh i over that entire range ([Prochaska fc Herbert-Fortl 
20041), although there is a factor ~2 discrepancy be- 
tween the lowest redshift DLA Ohi values and those 
de rived from H I 2 1-cm emission surveys at z ~ 

(|Zwaan et al.l l2005f) . Further, there are very few 
DLAs known at z < 1.8 because observing time on 
HST is too restrictive to allow a blind survey for low- 
z DLAs. A hybrid method of surveying only those 
QSOs with strong Mg II (and Fe II) absorption has 
shown some success dRao. Turnshek. fc Nestorl 120061: 
iNestor. Turnshek. fc Raol 120051 12006D . but the factor of 
two discrepancy remains. 

High-z DLAs are often modeled as thick gas disks as- 
socia ted with the progenitors o f massive spiral galaxies 
(e.g., iWolfe fc Proc haska 2000), but this is largely out 
of a desire for simplicity since the optical/IR emitting 
galaxy associated with the DLA is rarely detected, or 
even detectable, using current ground-based or space- 
based telescopes. The galaxy population responsible for 
DLAs is spread over a large range of luminosities (0.001 - 

1 L*: iZwaan etaU [20051: [Rosenberg fc Schneidenl2ll3T) , 
so it is not surprising that it has been difficult to detect 
the galaxies responsible for high-z DLA absorption nor 
that the spread in DLA metallicities is ~ 2 dex at any 
given redshift. The logA^ni > 20.3 cm~ 2 limit makes 
good sense physically since above this limit the gas must 
be primarily neutral; however, systems with H I column 
densities just below this limit (sometimes called "sub- 
DLAs" or "super Lyman limit systems" ) may share many 
of the same associated galaxy propertie s with the DLAs 
(jTripp et alJl2005tlPlroux et al.ll2010al lbh . 
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The absence of direct galaxy detection for many DLAs 
and sub-DLAs is in marked contrast to the situation for 
LLSs, which are found to be associated with nearby (im- 
pact parame ter < 50 kpc), luminous (L > 0.1 L*), gas- 
rich galaxies (IBergeron fe Bo issc 1991; St eidel fc Sargent] 
1199a iBarton fc Cookd 120091 : iChen et all l2010al lbl). The 
high luminosity and proximity of LLS host galaxies to 
the quasar sight line have been critical to their success- 
ful identificatio n (e.g JSteidellH99llChurchill et alMM 
IKacprzak et alJl2010f ). The current consensus model for 
LLSs is gas in the halo of luminous galaxies although 
the physical processes that give rise to this gas are un- 
clear and can encompass outf l owing , unbound winds 
(iMartinl Il999t iHecknian et all l200lt lAdelberger et al.l 
120031: IKacprzak et al. 1 120101) as well as outflowing or in- 
falling galactic "fou n tain" material dKeenev et al.l 1 2005 1: 
Richter et all 120091 : iStocke. Keenev. fc Danforthl \20m 
Chen et aI1l2010bT ). Theoretical models also predict that 
QSO absorption lines can be produced in the vicinity 
of galaxies from infalling cold mode accretion clouds 
( Keres fc Hernquist 2009) o r disrupted satellite galaxies 
([York et alJll986t IKacprzak et al.ll2010H . 

Discovery surveys for new low- z absorber/galaxy as- 
sociations, particularly DLAs and sub-DLAs, are needed 
to better resolve the associated galaxy from the QSO, to 
clearly detect the lower luminosity examples of associ- 
ated galaxies, and to study the associated galaxy prop- 
erties using all available ground-based and space-based 
techniques. To this end we initiated a modest-sized HST 
imaging project to study the detailed absorber/galaxy 
relationship for three very low-z (cz < 10,000 kms~ ) 
H I 21-cm absorbers: 3C 232 / NGC 3067, PKS 1327- 
206/ ESO 132722-2040.6 (hereafter ESO 1327-2041), 
and PKS 2020-370 / Klemola 31A. While each of these 
systems was initially discovered using H I 21-cm absorp- 
tion (which is only sensitive to DLAs and sub-DLAs) 
against a background radio-loud quasar, two of the three 
(the first two above) were also detected in Ca II H 
fc K a nd Na I D absorption by ground-based tele- 
scopes (IBoksenberg fc Sargentlll978t IStocke et al.l 119911: 
i Kunth fc Bergeronll984l: IBergeron. Kunth. fc D'Odoricol 
119871 ). ICarilli fc van Gorkoml (|1992L CvG92 hereafter) 
have used the Very Large Array (VLA) to map each of 
these systems in H I 21-cm emission for comparison to 
the absorption line data. 

In a previous paper (|Stocke et alj|20 10l) we presented 
our new HST imaging of the 3C 232/NGC 3067 system, 
which allowed us to conclude that the H I 21-cm sub- 
DLA absorber in the spectrum of that quasar is very 
similar in its physical properties to high-v elocity clouds 
(HVCs) found around the Milky Way dKeenev et alj 
20051: iKeres fc Hernauist1l2009l: iHei tsch fc Putmanl l2009l: 
Faucher-Giguere fc Keresll2010l ). We also found that this 
gas is infalling onto the disk of NGC 3067. The simplic- 
ity of this QSO/galaxy pair — relatively isolated galaxy 
viewed at an intermediate inclination angle — allowed 
for an easy interpretation of the cloud kinematics and 
properties. 

In this paper we present our HST imaging results for 
the second pair, PKS 1327-206 / ESO 1327-2041, a much 
more complex galaxy system with polar ring H I gas, 
which we show is likely due to a direct galaxy collision 
between a gas poor lenticular galaxy and a late-type spi- 



ral. The quasar absorber consists of two velocity compo- 
nents separated by ~ 250 kms -1 in both metal lines and 
H I 21-cm absorption. However, Lya itself in this system 
is not directly observable due to a high-z LLS, so we do 
not know for certain whether this absorber complex is 
a DLA or a sub-DLA. Regardless, this absorber/galaxy 
pair clearly shows the potential complexity of such sys- 
tems. 

We have obtained new VLA H I 21-cm emission maps, 
a new H I 21-cm absorption spectrum, ground-based Ha 
imaging and long-slit spectroscopy of various galaxy com- 
ponents, as well as a new optical spectrum of the quasar 
at moderate (~ 2 A) resolution, in addition to the afore- 
mentioned HST continuum imaging of this ~ L* galaxy 
merger at z = 0.0178 (cz « 5500 kms" 1 ). We also 
present an archival HST/FOS spectrum of PKS 1327-206 
which detects several near-UV metal lines including Mg I, 
Mg II, Fe II, and Mn II at the redshift of ESO 1327-2041. 
In §[5]we present the new HST and ground-based images, 
the H I 21-cm emission maps, and the optical spectra of 
various regions in ESO 1327-2041. In §[3] we show the 
H I 21-cm, optical, and near-UV spectra of the quasar 
PKS 1327-206 that we have analyzed. In §|4] we specu- 
late on the nature of a nearly unresolved knot of starlight 
emission discovered in our HST images which may be a 
hyper-compact galaxy nucleus ejected from ESO 1327- 
2041 as a result of the galaxy collision now on-going. In 
§[5] we summarize the results of our observational cam- 
paign on this system and discuss the importance of this 
system for interpreting high-z DLAs and sub-DLAs. We 
assume hjo = Ho/(70 kms" 1 Mpc" 1 ) and a distance to 
ESO 1327-2041 of 80 ±5 Mpc throughout this paper. 

2. THE INTERACTING GALAXY PAIR 
ESO 1327-2041 

Early CCD images of ESO 1327-2041 revealed its 
disturbed optical morphology, which includes an elon- 
gated nucleus (oriented roughly north-south) with a cen- 
tral bulge, an east- west "polar ring" that extends from 
the galaxy nucleus to the quasar position, and a bright 
plume that extends 45" northeast of the galaxy nu- 
cleus (|GiraudlH986l ). Subsequent H I 21 -cm emission 
maps of ESO 1327-2041 confirmed the presence of a 
regularly-rotating gaseous ring extending in the direc- 
tion of PKS 1327-206 (CvG92). This complex morphol- 
ogy suggests that ESO 1327-2041 is the result of a recent 
major merger and/or a significant tidal interaction and 
that any absorption lines probing this system will also 
be quite complex. 

We have obtained high-resolution observations of 
ESO 1327-2041 at multiple wavelengths, allowing us to 
study this galaxy in unprecedented detail. These ob- 
servations include: HST broadband (§ 12. 1[) and ground- 
based Ha images (§E2J) of ESO 1327-2041, H I 21-cm 
emission maps of ESO 1327-2041 and PKS 1327-206 
(§ 12. 3p . and long-slit optical spectra of several regions of 
ESO 1327-2041 fg|2~4j). 

2.1. Broadband HST Images 

ESO 1327-2041 was observed with the Wide-Field 
Planetary Camera 2 (WFPC2) on board HST on 
16 Apr 2007 for a total of 4200 s in the F675W (i?-band) 
filter and 2400 s in each of the F450W (Wide B-band) 
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Fig. 1— Left: Color composite HST/WFPC2 image of ESO 1327-2041. Data from the F450W filter is displayed in blue, F675W in 
green, and F791W in red. The image orientation and the location of the nearby quasar PKS 1327 -206 are labelled. The lower resolution 
red regions near the center of the galaxy are H II regions found in our ground-based Ha images (§ 12,211 , The field-of-view of the image is 
approximately 75" X 150", which corresponds to a physical scale of ~ 28 X 56 h^ kpc at the galaxy redshift. Right: Schematic diagram 
of ESO 1327-2041 overlaid on the F675W WFPC2 image. All galaxy components discussed in §[2]have been labelled. 



and F791W (Wide /-band) filters as part of GO pro- 
gram 10925 (PI: J. Stocke). The images were reduced 
and coadded using the stsdas package of IRAF, as de- 
scribed in the WFPC2 Data HandbooiQ. The orientation 
of our observations were such that ESO 1327-2041 and 
PKS 1327-206 fell only on WF2 and WF3, so we did not 
analyze the WF4 or PC chips of the detector. Our re- 
duced images reach limiting 3er Vega magnitudes of 26.9, 
26.5, and 26.0 for point sources in the F450W, F675W, 
and F791W filters, respectively. 

A color composite image of the WFPC2 data (WF2 
and WF3 chips only) is shown in the left panel of Fig- 
ure [U where the F450W data are displayed in blue, the 
F675W data in green, and the F791W data in red. The 
lower-resolution red areas in the center of ESO 1327- 



1 The WFPC2 Data Hand book can 
http: / /www. stsci . edu/hst/wf pc2/ 



be found at 



2041 are H II regions detected in our ground-based Ha 
images (§ I2.2|) . The field-of-view of Figure Q] is approxi- 
mately 75" x 150", which corresponds to a physical scale 
of - 28 x 56 kpc at the redshift of ESQ 1327- 2041. 

All of the features identified by iGiraudl (|1986| ) and 
CvG92 are present in the WFPC2 images, but the su- 
perior spatial resolution of HST reveals several new fea- 
tures that we have labelled in a schematic of the WFPC2 
images in the right panel of Figure [TJ In particular, the 
central region of ESO 1327-2041 is resolved into two com- 
ponents that are blended together at ground-based res- 
olution: a lenticular co mponent that c orresponds to the 
"elongated nucleus" of IGiraudl ()1986l ). and an inclined 
spiral that contains several H II regions. These compo- 
nents are clearly co-spatial since H II regions in the spiral 
disk are seen in front of the starlight from the lenticu- 
lar component to the south of the galaxy nucleus but are 
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occulted by the lenticular starlight to the north of the nu- 
cleus (i.e., the inclined disk is seen both in front of and 
behind the lenticular component). The "plume" of mate- 
rial extending NNE from the galaxy nucleus is resolved 
into a stellar stream with a compact embedded source 
that we speculate in §0] is the ejected nucleus of the in- 
clined spiral. There is also a small companion galaxy 
located just north of the stellar stream, approximately 
halfway between the embedded source and the lenticular 
nucleus. 

The previously identified "polar ring" is now resolved 
to be the outermost arm of the inclined spiral in the 
central regions of ESO 1327-2041. This arm may be 
in the process of being tidally stripped and passes quite 
close to the PKS 1327-206 sight line. We have detected 
several H II regions in this extended arm located ~ 5" 
(~ 2 kpc) north of PKS 1327-206 (see Fig. ffl and 

CvG92 found that the gas in the "polar ring" of 
ESO 1327-2041 is rotating regularly with lower veloc- 
ities (~5250 kms -1 ) in the west and higher velocities 
(~ 5500 kms -1 ) in the east. This rotation is not sur- 
prising since we now identify this feature with an ex- 
tended spiral arm. However, whether we call the gas 
that extends from the galaxy nucleus in the direction of 
PKS 1327-206 a "polar ring" or an "extended spiral arm" 
is largely a matter of semantics since the standard picture 
of polar-ring galaxies is that they are formed via galaxy 
mergers or the accretion of a companion galaxy or IGM 
filam ent (|Moiseev fc Bizvaev 2009; B ournaud fc Combes! 
12001 . 

2.2. Ha Images 

Ideally, we would have obtained Ha images of 
ESO 1327-2041 with HST as well, but neither WFPC2 
nor ACS had a narrowband filter suitable for observing 
Ha at the redshift of ESO 1327-2041. Instead the galaxy 
was observed at Apache Point Observatory (APO) on 
24 Mar 2006 using the SPIcam imager of the ARC 3.5-m 
telescope. Redshifted Ha + [N II] images were obtained 
in l'/3 seeing for a total of 3000 s using a filter with a 
central wavelength of 6650 A and FWHM = 80 A. Addi- 
tionally, ESO 1327-2041 was observed for 1800 s in l'/4 
seeing through an off-band filter with FWHM = 100 A 
and a central wavelength of 6450 A in order to measure 
the strength of the stellar continuum. All images were 
reduced and coadded using standard IRAF procedures. 
The off-band image was then scaled so that its sky level 
matched that of the Ha on-band image before continuum 
subtraction. The resulting image should only contain 
flux from the Ha and [N II] emission lines, but there is 
some residual flux in the cores of bright stars due to the 
slight mismatch in seeing between the on-band and off- 
band images. Our final continuum-subtracted Ha image 
has been overlaid in red on the WFPC2 data in Fig- 
ure [T] Only pixels with F(Ha) > 10~ 17 ergss _1 cm -2 
are shown, corresponding to areal star formation rates 
> 0.0 05 M w yr" 1 k pc~ 2 at the distance of ESO 1327- 
2041 (IKennicuttlll998l) . 

Figure[T]clearly highlights several H II regions in the in- 
clined spiral disk of ESO 1327-2041. These H II regions 
have an integrated Ha flux of F(H.a) = (7.2 ± 1.4) x 
10~ 14 ergss -1 cm~ 2 assuming a [N II] /Ha ratio of 0.3 ± 



0.2 (derived as in lKennicutt et al.ll2008ft . At our assumed 
distance to ESO 1327-2041 of 80±5h^ Mpc, this corre- 
sponds to a luminosity of (5.5 ± 1.3) x 10 40 /iy 2 ergss -1 
and a star forma tion rate of 0.44 ± 0.10 M©yr _1 
(jKennicuttl 11 9981 ). So, despite the morphological evi- 
dence for a significant merger event in the recent past 
of ESO 1327-2041, this interaction is not currently driv- 
ing a major starburst episode. 

The semi-stellar knots just NNW of PKS 1327-206 (la- 
belled as H II regions in the right panel of Fig. [IJ show no 
obvious Ha emission in our narrowband images. Never- 
theless, a deep long-slit optical spectrum clearly detects 
very weak Ha emission associated with these knots (see 
§ !2.4p . solidifying our earlier identification. 

2.3. HI 21-cm Emission Maps 

ESO 1327-2041 and PKS 1327-206 were observed by 
the Very Large Array (VLA) in the CnB configuration 
for 18.74 hours between 18 Jun and 4 Jul 2005. Data 
were obtained in L-band (1.4 GHz) centered at a helio- 
centric velocitj0 of 5370 kms -1 using 63 spectral chan- 
nels with a width of 10.4 kms" 1 (48.8 kHz) per channel. 
To improve sensitivity and resolution, these data were 
combined with the data of CvG92 after flagging and cal- 
ibration. The CvG92 data were obtained with the VLA 
C-array on 20 Dec 1990 with the same channel config- 
uration described above. The addition of the CvG92 
data increases the total exposure time of our observa- 
tions to 25.8 hours. All reductions for both data sets 
were performed with the Common Astronomy Software 
Applications (CASA) Beta Release, Version 2.0. 

Figure [5] shows H I 21-cm (blue) and 1.4-GHz contin- 
uum (green) emission contours overlaid on the F675W 
WFPC2 data. The large red ellipse in the upper-left cor- 
ner of the image is the restoring beam of the natural- 
weighted H I contours and the smaller ellipse is the 
restoring beam of the uniform- weighted continuum con- 
tours. PKS 1327-206 has a double-lobed morphology 
and a peak continuum flux of 280 mJybeam -1 at this 
resolution. There is also a weak continuum source (peak 
flux ~ 5 mJybeam -1 ), first detected by CvG92, located 
~ 10" south of the embedded object in the stellar stream 
(see Fig. [IJ that Figure [5] reveals is associated with a 
background galaxy and not the embedded object itself. 

Continuum sources were subtracted from the data cube 
before imaging the H I emission using the CASA task 
uvcontsub to perform a channel-by-channel linear fit to 
the continuum. We believe that the hole in the H I distri- 
bution toward PKS 1327-206 is due to the H I 21-cm ab- 
sorption against the quasar background (see § 13. ip . The 
H I contours in Figure [2] show three peaks: one (labelled 
"A" in Fig. [5]) near the nucleus of the lenticular compo- 
nent of ESO 1327-2041 and two ("B" and "C") that are 
likely associated with the extended spiral arm. There is 
also a region of more diffuse emission ( "D" ) that extends 
in the direction of the stellar stream but is offset approx- 
imately one beam width to the east and, finally, a large 
diffuse region ("E") near the northern edge of the image. 

Table[T]lists the positions, velocities, and H I masses of 

2 We have reduced the VLA data using the optical definition of 
velocity, v/c = (uo — v)/v = (A — Ao)/Ao = z, rather than the 
traditional radio definition. 
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Fig. 2. — Natural- weighted H I 21-cm emission contours for 
ESO 1327-2041 (blue) and uniform- weighted L-band continuum 
contours for PKS 1327-206 (green) overlaid on our F675W 
WFPC2 data. The H I contour levels are 2.5, 5, 10, and 
15 X 10 2(1 atoms cm 2 and the continuum contour levels are -3, 3, 
9, 27, 81, and 243 mjy beam -1 . The large red ellipse (20" X 13") in 
the upper-left corner of the image is the restoring beam for the H I 
contours; the smaller ellipse (9" X 6") is the restoring beam for the 
continuum contours, and the labelled regions (A-E) correspond to 
the regions in Table [T] 

these regions. We find that gas in the extended spiral arm 
is rotating regularly with lower velocities in the south and 
west (regions A & C) and higher velocities in the north 
and east (region B). The more diffuse extended regions 
of H I 21-cm emission (regions D & E) have velocities 
that are ~ 150 kms -1 lower than the closest disk gas in 
region B. 

Figure [5] can be used to determine how the recent 
merger history of ESO 1327-2041 has affected its 21-cm 
emission properties compared to more isolated galaxies. 
The H I-emitting regions of typical spiral galaxies extend 
about twice as far as the regions of optical emissi on (e.g., 
iBroeils fe Rheel Il997t iNoordermeer et all I2005D . which 
suggests that the "pre-merger" H I extent of ESO 1327- 
2041 was ~60" (~23/if 1 kpc). The measured angular 



TABLE 1 

H I 21-cm Emission Properties of ESO 1327-2041 



Region a 


RA 


Dec 


^peak 


M H i 




(J2000.0) 


(J2000.0) 


(kms" 1 ) 


(10 s /if 2 M ) 


A 


13 30 05.2 


-20 55 56 


5338 


2.61 ±0.33 


13 


13 30 06.7 


-20 55 49 


5402 


1.81 ±0.23 


C 


13 30 06.4 


-20 56 18 


5306 


1.91 ±0.25 


D 


13 30 07.7 


-20 55 18 


5263 


1.01 ±0.13 


E 


13 30 07.6 


-20 54 38 


5253 


2.22 ±0.28 



a Region of interest as indicated in Fig. [2] 

b The channel velocity of the H I 21-cm emission peak for this 
region. 



extent of regions A-C in Figure [5] is ~ 60", but increases 
to -80" (-31/ifo 1 kpc) if region D is included. Thus, 
the size of the H I-emitting region of ESO 1327-2041 has 
increased only modestly as a result of its recent interac- 
tion. 

However, the galaxy interaction has caused ESO 1327- 
2041 to become noticably H I-deficient as compared to 
more isolated galaxies. The total H I mass of regions 
A-E of ESO 1327-2041 is M H i = (9.6 ± 0.6) x 10 s M Q 
(see Table [TJ, but late- type spirals with the same lumi- 
nosity and optical size as ESO 13 27-2041 tend to have 
H I m asses of A/hi ~ 4 x 10 9 Af Q (jHavnes fc Giovanellil 
1984). This deficiency can easily be explained if most of 
the H I in ESO 1327-2041 was ionized during the interac- 
tion. Ionization considerations may also explain why the 
interaction failed to dramatically increase the H I extent 
of ESO 1327-2041. 

2.4. Optical Spectra 

ESO 1327-2041 was observed with the DIS spectro- 
graph of the ARC 3.5-m telescope at APO on 1 May 2008 
and 27-28 Feb 2009 using a 1"5 slit and the B400+R300 
gratings. These gratings cover the wavelength range 
3600-9000 A at 6-7 A resolution except for a gap from 
— 5300-5700 A caused by a dichroic in the spectrograph. 
Data were obtained at three different slit positions: the 
first slit position was oriented along the major axis of 
the lenticular component of ESO 1327-2041, the second 
position was along the stellar stream with the slit pass- 
ing through the embedded compact object, and the third 
position connected the compact object embedded in the 
stellar stream and PKS 1327-206 with the slit also pass- 
ing through the H II regions in the extended spiral arm. 
Observations of Feige 34 taken each night were used for 
flux calibration, and all data were reduced with a combi- 
nation of standard IRAF tasks and custom IDL routines. 

The DIS spectrograph has a spatial scale of 0"4 per 
pixel, and extraction apertures of 10", 40", and 5" were 
used for the lenticular component of ESO 1327-2041, the 
stellar stream, and the source embedded in the stream, 
respectively. The spectra of these galaxy components are 
shown in Figure [3l Only the blue portion of the spectra 
are shown, and the flux levels have been arbitrarily scaled 
for ease of display. The vertical dashed lines indicate the 
positions of the H/3-Hrj absorption lines detected in the 
spectrum of the embedded source. There are indications 
of even higher-order Balmer absorption from H#, Hi, and 
Hre in the spectrum of the embedded source, but declin- 
ing signal-to-noise blueward of 3800 A precludes us from 
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Fig. 3. — The blue portion of our optical spectra of the lenticu- 
lar region of ESO 1327-2041 (bottom), the stellar stream of ma- 
terial (middle), and the compact object embedded within the 
stream (top). The vertical axis is displayed in arbitrarily-scaled 
F\ units. The dashed vertical lines indicate the positions of 
the H/3-H?7 absorption lines detected in the embedded source at 
cz = 5370 ± 50 kms — 1 . The lenticular spectrum also contains 
[O II] A3717 and [O III] A5007 emission from a foreground H II 
region in the slit (see Table 0J. 

making positive identifications. 

Tables HE] list the line identification, rest wavelength, 
observed wavelength, heliocentric velocity, and rest- 
frame equivalent width of all lines detected in the DIS 
spectra, including lines detected at wavelengths not dis- 
played in Figure [3J For the emission lines detected in the 
lenticular nucleus, Table 2] lists integrated line fluxes in- 
stead of rest-frame equivalent widths. These fluxes have 
not been corrected for Galactic or intrinsic reddening. 
Rest wavelengths for these and all other Tables were 
taken from the Atomic Line Lisfl 

Examination of these Tables shows that Ca II H & K 
absorption lines are detected in all three spectra, that 
the embedded source is detected primarily in Balmer ab- 
sorption lines, and that the lenticular component is de- 
tected mostly in nebular emission with some absorption 
from an older stellar population. Further, the absorp- 
tion lines detected in the three spectra indicate a clear 
hierarchy in the age of their stellar populations with the 
embedded source being the youngest, the stellar stream 
intermediate in age, and t he lenticular nucleus the oldest 
(IBruzual fe Charloti 12001 . 

There is also a significant velocity difference between 
the emission and absorption lines detected in the lentic- 
ular component of ESO 1327-2041, suggesting that the 
emission lines are associated with a foreground H II re- 
gion (see Table 0}. The nebular emission-line velocity of 
this H II region (5380 ± 10 kms" ) is similar to the peak 
H I 21-cm emission velocity of region A (5338 kms -1 ; see 
Tableland Fig. the nearest H I 21-cm peak to the 
lenticular nucleus, confirming our earlier identification of 
the H I 21-cm emission peaks A-C with spiral disk gas. 
The absorption-line velocity in Table|H(5460±20 km s -1 ) 
then represents the velocity of the lenticular nucleus it- 
self. 

We have detected very weak Ha emission from the H II 
regions in the extended spiral arm at our third slit po- 
sition. These H II regions, which are heavily blended at 

3 The Atomic Line List is hosted by the Department of 
Physics and Astronomy at the University of Kentucky (see 
http : //www.pa.uky . edu/^peter/newpage/) . 



TABLE 2 

Absorption Lines Detected in the Embedded Source 



ID 


Arest 


"^obs 


"helio 






(A) 


(A) 


(kms' 1 ) 


(A) 


Hr; 


3835.38 


3900.2 ± 2.4 


5090 ± 190 


13.7 ±9.7 


HC 


3889.05 


3957.4 ±3.7 


5290 ± 290 


7.8 ±6.7 


Call K 


3933.66 


4005.2 ± 1.4 


5480 ± 110 


3.3 ± 2.3 


He a 


3970.07 


4040.1 ± 3.9 


5310 ± 300 


15.4 ±8.9 


HS 


4101.73 


4172.5 ± 2.6 


5190 ± 190 


9.0 ±2.7 


H") 


4340.46 


4416.7 ±2.9 


5290 ± 200 


9.3 ±3.5 


H/3 


4861.32 


4946.4 ± 2.2 


5270 ± 140 


7.4 ±2.4 


Nal D 


5891.94 


5995.6 ± 4.8 


5300 ± 250 


3.2 ± 1.5 


Ho 


6562.80 


6683.2 ± 2.3 


5520 ± 110 


3.7 ± 1.0 


Note. 


— The average absorpt 


on-line velocity for this 



source is 5370 ± 50 km s 1 . 
a This line is blended with Call H but we attribute most 
of the absorption to He given the presence of higher-order 
Balmer absorption in this spectrum. 



TABLE 3 

Absorption Lines Detected in the Stellar Stream 



ID 


-^rcst 


Aobs 


"helio 


W A 




(A) 


(A) 


(kms" 1 ) 


(A) 


Call K 


3933.66 


4006.8 ±3.9 


5600 ± 300 


3.8 ±2.4 


Call H 


3968.47 


4036.7 ±2.6 


5180 ± 190 


3.3 ± 1.7 


G-band 


4304.40 


4382.4 ±2.2 


5460 ± 160 


4.7 ±3.6 


H 7 


4340.46 


4425.7 ± 1.9 


5910 ± 130 


5.9 ±3.7 


H/9 


4861.32 


4945.9 ± 5.2 


5240 ± 320 


4.8 ±2.4 



Note. — The average absorption-line velocity for this 
source is 5590 ± 80 kms -1 . 



ground-based resolution, are located ~ 5" (~ 2 h 70 kpc) 
north of PKS 1327-206 (see Fig. [J) and have a heliocen- 
tric velocity of 5440 ± 20 kms' 1 . Examination of the 
their 2D spectrum reveals a velocity gradient across the 
Ha blend that we have extrapolated to the position of 
PKS 1327-206 to estimate the disk velocity at the quasar 
position to be 5500 ±30 kms -1 . This estimate is close to 
the H I 21-cm emission velocity near the quasar position, 
which ranges from ~ 5400-5490 kms" 1 (CvG92). 

3. ABSORPTION LINES ASSOCIATED WITH 
ESO 1327-2041 IN THE SPECTRUM OF 
PKS 1327-206 

Past studies of the optical and radio spectra of 
PKS 1327-206 have found absorption associated with 
the nearby galaxy ESO 1327-2041 (cz ga i = 5380 ± 
10 kms" 1 ). A high-resoluti on (t> raa » 30 kms -1 ) op- 
tical spectrum obtained by iBergeron et al.1 (|1987| ) re- 
vealed two velocity components in the Na I D doublet 
at 5250 ± 10 and 5490 ± 10 kms" 1 . A lower resolu- 
tion (t> rBS ~ 225 km s" 1 ) optical spectrum, also from 
IBergeron et al.l (|1987f ). showed Ca II H & K absorption at 
5340 ±90 kms" . CvG92 also found two velocity compo- 
nents in the H I 21-cm absorption spectrum of PKS 1327- 
206, although their detection of the 5490 kms" 1 compo- 
nent was tentative due to potential confusion from emis- 
sion in the beam. 

We have acquired more sensitive H I 21-cm and optical 
spectra of PKS 1327-206, which we present in § 13.11 and 
§ 13.21 respectively. We have also analyzed an archival 
HST near-UV (NUV) spectrum of PKS 1327-206, which 
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TABLE 4 

Lines Detected in the Lenticular Nucleus 



Emission Lines 



Absorption Lines 



ID 


-^rcst 


-^obs 


■"helio 


Integ. Flux 


ID 


•^rcst 


-^obs 


^helio 






(A) 


(A) 


(kms" 1 ) 


(10 -16 ergss - 1 cm - 2 ) 




(A) 


(A) 


(kms" 1 ) 


(A) 


[Oil] 


3727.42 


3794.7 ±0.5 


5400 ± 40 


9.4 ±3.6 


Call K 


3933.66 


4005.9 ±0.6 


5500 ± 50 


10.3 ±3.1 


[O III] 


5007.84 


5096.9 ± 0.4 


5330 ± 30 


10.4 ±2.4 


Call H 


3968.47 


4041.1 ±0.7 


5480 ± 50 


10.8 ±3.0 


[Nil] 


6548.04 


6664.2 ± 1.2 


5310 ±60 


3.3 ±0.8 


G-band 


4304.40 


4382.4 ± 1.0 


5430 ± 70 


6.6 ±2.4 


Ha 


6562.80 


6680.6 ±0.3 


5380 ± 20 


15.1 ± 1.6 


Nal D 


5891.94 


5999.2 ±0.6 


5450 ± 30 


4.9 ±0.7 


[Nil] 


6583.46 


6701.9 ±0.3 


5390 ± 20 


14.6 ± 1.6 












[S II] 


6716.44 


6837.3 ± 1.0 


5390 ± 40 


5.7 ± 1.0 












[sir] 


6730.82 


6852.0 ±0.8 


5390 ± 40 


6.1 ± 1.0 












Note. 


- The 


average emission 


i-line velocity for this source is 5380 ± 10 kms and the average absorption- 


-line velocity 


is 5460 ± 


20 kms - 


l 



















is presented in § 13.31 and Appendix |XJ These spectra 
allow us to confirm the presence of two H I 21-cm ab- 
sorbers, search for evidence of absorption from both ve- 
locity components in the Ca II H & K line profiles, and 
determine whether any gas associated with ESO 1327- 
2041 is present in the NUV spectrum of PKS 1327-206. 

3.1. HI 21-cm Spectrum 

Our VLA observations (§ 12.31) allow us to search for H I 
21-cm absorption against the quasar continuum in addi- 
tion to studying the H I 21-cm emission properties of 
ESO 1327-2041. The H I 21-cm absorption spectrum of 
PKS 1327-206 is shown in Figure|4]with Gaussian fits to 
the absorption lines overlaid with thick black lines. The 
dashed vertical lines show the v elocities of the Na I D 
absorption components found by iBergeron et ail (|1987l ). 
which clearly match the observed 21-cm absorption ve- 
locities. Table[5]lists best-fit physical parameters derived 
from the Gaussian fits to the H I absorption components 
in Figure |U 

The H II regions just NNW of PKS 1327-206 (see 
Fig. [J) have heliocentric velocities comparable to the 
5510 kms" H I absorption complex. An extrapolation 
of the Ha emission line velocities towards PKS 1327-206 
(see § 12. 4p arrives at the velocity indicated by the dot- 
ted vertical line in Figure 21 From this extrapolation we 
identify the 5510 kms" 1 H I 21 -cm absorber with the ex- 
tended spiral arm of ESO 1327-2041, and thus as galactic 
disk absorption. The velocity of the H I 21-cm emission 
near the position of PKS 1327-206 is also compatible 
with this interpretation (CvG92). 

CvG92 identified very weak H I 21-cm emission aligned 
with the stellar stream of ESO 1327-2041 and extending 
much further to the north (see their Figs. 3 and 4), but at 
significantly lower spatial resolution (50") than we show 
in Figure [2 Regions D & E in Figure [5] are the densest 
regions of this very diffuse emission, which extends into 
the vicinity of PKS 1327-206 at velocities between 5190 
and 5296 kms -1 (CvG92). CvG92 suggest that the H I 
21-cm absorber at 5255 kms -1 arises in this low surface 
brightness gas. Given the complex optical and H I 21- 
cm morphology of ESO 1327-2041, we hypothesize that 
the 5255 kms" 1 absorber represents gas that has been 
tidally stripped from the disk of ESO 1327-2041. 

The strength of H I 21-cm absorption depends on 
the column density (Ahi), covering fraction (/), and 
spin temperature (T S pin) of the absorbing gas (see Ta- 



Assuming T sp i n ~ 20 K (jKobulnicky fc Dickeyl 



found T f 



spin 



20-40 K in tidally disrupted gas in 
the Magellanic Bridge) and / = 1, the column density 
of the 5255 kms -1 absorber is Ahi ~ 5 x 10 18 cm~ 2 
and the column density of the 5510 kms -1 absorber is 
Ahi ~ 9x 10 18 cm~ 2 . These column densities are clearly 
uncertain due to ambiguities in both the spin tempera- 
ture and covering factor of the absorbing gas: however, 
a higher spin temperature indicative of dislQ or halon 
gas and/or a smaller covering factor would tend to in- 
crease the derived column density, so we treat the above 
estimates as lower limits to the true H I column. Thus, 
the two 21-cm absorbers may combine to form a DLA 
(Ah i > 2 x 10 20 cm -2 ) as has been found in several other 
QSO sight lines that pass within 15/iyg 1 kpc of a low- 
z for eground galaxy (see, e.g., Table 2 of iZwaan et al.l 
l2005h . 

The large velocity width of the 5510 kms -1 absorber 
could be caused by either thermal broadening or ve- 
locity structure along the line of sight. The Gaussian 
shape of the line profile suggests that the broadening is 
thermal, but the associated kinetic temperature of the 
absorber is ~ 60,000 K in that case. The kinetic and 
spin temperatures should be coupled due to particle col- 
lisions; however, our kinetic temperature estimate for the 
5510 kms -1 absorber is an order of magnitude greater 
than the largest spin tempe ratures reported in t he liter- 
ature (~ 5,000 K; see, e.g.. iKanekar et al"1 120091) . If we 
allow the kinetic and spin temperatures to be coupled at 
60,000 K then the 5510 km s" 1 absorber would have a 
neutral fraction of - 10" 4 (jSutherland fe Dopitairi993f) 
and an H I column density of Am > 10 22 cm -2 , or a to- 
tal hydrogen column of Ah ~ 10 26 cm -2 . This situation 
is clearly unphysical, since gas at these densities would be 
mole cular and quickly cool to more modest t emperatures 
(e.g.. lKrumholz. McKee. fc Tumlinsonll2009f ) . Therefore, 
we attribute the width of the 5510 km s _1 21-cm absorber 
to velocity structure along the line of sight, which implies 
that the extended spiral arm of ESO 1327-2041 has a ve- 
locity dispersion of ^25 kms" 1 at the quasar position. 



4 The cold neut ral medium of spiral galaxies typically has 
T S pi n ~ 100 K (e g [Roy et al.ll2006T ) . 

* IKeenev et all pOOST ) found T apin ~ 500 K in the halo of the 
nearby spiral NGC 3067. 
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Fig. 4.— The H I 21-cm absorption spectrum of PKS 1327-206 
at 20" X 13" resolution and 10.4 km s -1 channel -1 with best-fit 
absorption line profiles (see Table [5} overlaid. The dashed vertical 
lines sho w the velocities of th e Na I D absorption components 
found by Bergeron ct al. (1987). The dotted vertical line indicates 
the disk velocity at the position of PKS 1327-206, extrapolated 
from H II regions in the extended spiral arm of ESO 1327-2041 
(see §[221. 

3.2. Optical Quasar Spectrum 

iBergeron et al.1 (|1987f ) argued that the observed 
Ca II/Na I ratio (W A (Ca II)/W A (Na I) = 0.34 for the 
5255 and 5510 kms -1 absorbers combined) points toward 
a galactic disk origin for the absorbing gas. However, 
since their Ca II spectrum does not resolve both of the 
velocity components that they detected in Na I, they can- 
not assess the origin of the individual absorbers directly. 
Therefore, we obtained high-resolution optical spectra of 
PKS 1327-206 near the Ca II H & K (v rcs w 150 kms -1 ) 
and Na I D (v rcs ~ 75 kms -1 ) absorption lines associ- 
ated with ESO 1327-2041 to study the Ca II / Na I ratio 
of the individual velocity components. 

ESO 1327-2041 was observed with the DIS spec- 
trograph of the ARC 3.5-m telescope at APO on 
10 Feb 2010, 4 Apr 2010, and 6 May 2010 using a l'/5 slit 
and the B1200+R1200 gratings. At central wavelengths 
of 4500 and 6400 A, these gratings cover the wavelength 
ranges from 3900-5100 A and 5800-7000 A at 2 A res- 
olution. Observations of Feige 34 taken each night were 
used for flux calibration, and all data were reduced with 
a combination of standard IRAF tasks and custom IDL 
routines. 

The regions surrounding the Ca II H & K and Na I D 
absorption lines associated with ESO 1327-2041 arc 
shown in Figure [5j Two velocity components are clearly 
detected in the Na I D doublet, with the Na I Dl line 
of the bluer component blended with the Na I D2 line 
of the redder component. Best-fit velocities and decon- 
volved equivalent widths of these components were de- 
termined by simultaneous Voigt profile fits to the Na I D 
doublets. The velocity structure of the Ca II profiles is 
less clear, but an apparent optical depth analysis of the 
Ca II K profile shows two significant peaks, which we use 
to measure the velocities and calcula te the apparent col- 
umn densities of both components (jSembach fc Savage] 
1992). Deconvolved equivalent widths were then calcu- 
lated from the apparent column densities assuming opti- 
cally thin absorption. 

Tabled lists the line identification, rest wavelength, ob- 
served wavelength, heliocentric velocity, and rest-frame 
equivalent widths derived from these profiles. The Ca II 



TABLE 5 

Gaussian Fits to H i 21 cm Absorbers Detected 
Toward PKS 1327-206 





FWHM 


TO 


AWCTspin//) 


(kms -1 ) 


(kms -1 ) 




(10 17 cm -2 K -1 ) 


5255 ± 5 


17 ± 7 


0.0068 ± 0.0006 


2.3 ±1.0 


5510 ± 10 


54 ±18 


0.0042 ± 0.0006 


4.3 ± 1.6 



and Na I velocities clearly agree with each other, as well 
as with the velocities of the H I 21-cm components. How- 
ever, while the velocity of the apparent column density 
peak associated with the bluer Ca II component clearly 
matches that of the bluer Na I component, its equiva- 
lent width is not significant and is hereafter treated as 
an upper limit. 

The 5255 and 5510 kms -1 velocity components have 
W A (Ca II)/W A (Na I) ratios of < 0.26 and 0.63 ± 0.15, 
respectively, and a combined ratio of < 0.48. Ra- 
tios this low require a weak ionizing radiation field 
and are typically associated with disk gas in our 
Galaxy (|Morton k. Blades! Il986) , whereas larger values 
(W A (Ca II)/W A (Na I) > 1) indicate a stronger radi- 
ation fi^ki_jssodated_wiHT_a galactic_Jialoenyironment 
(e.g., IMorton fc Bladeslll986l : IStocke et al.lll991h . A disk 
gas origin for both velocity components suggests that the 
5255 km s -1 absorber represents gas that has been tidally 
stripped from the disk of ESO 1327-2041 rather than a 
high- velocity cloud in the halo of the galaxy. 

3.3. HST Near-UV Spectrum 

PKS 1327-206 was observed with the Faint Object 
Spectrograph (FOS) on board HST on 13 Jan 1997 for 
a total of 6540 s with the G270H grating as part of GO 
program 5654. These data were taken through the l'.'O 
apertur^] and cover a wavelength range of 2222-3277 A 
at 2 A (—200 kms -1 ) resolution. The FOS spectrum of 
PKS 1327-206 is filled with absorption lines from many 
rcdshifts, including Galactic ISM lines, lines associated 
with ESO 1327-2041, lines associ ated with the Lyman - 
limit system (LLS) at z = 0.85238 ([Bergeron et al.ll987n . 
and intergalactic Lya forest absorbers. We discuss the 
lines associated with ESO 1327-2041 here and defer dis- 
cussion of the other absorption lines in the PKS 1327- 
206 spectrum to Appendix [Al since this spectrum has not 
been discussed previously in the literature. 

Table[7]lists the line identification, rest wavelength, ob- 
served wavelength, heliocentric velocity, and rest-frame 
equivalent width of all absorption lines associated with 
ESO 1327-2041 that were detected at > 4cr confidence 
(observed W A > 200 mA) in the HST/FOS spectrum 
of PKS 1327-2063. The average velocty centroid of this 
absorption line system is 5360 ± 10 kms -1 , which is in- 
termediate in velocity to the two H I 21-cm components. 
In addition to the lines listed in Table [71 the FOS spec- 
trum shows indications of Mn II A2577 and Mn II A2606 
absorption associated with ESO 1327-2041 at 2-3cr con- 

6 The actual size of the aperture is 0'.'86 since these observations 
were obtained after the installation of COSTAR on HST. 

7 To ensure that Galactic ISM lines were centered at t>helio ~ 
we applied a zero-point offset of 145 ± 8 kms - to the FOS 
wavelength scale (see Appendix [X] for more details). 
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Fig. 5.— Metal lines detected in the NUV and optical spectra of PKS 1327-206 at the redshift of ESO 1327-2041, arranged in order of 
increasing ionization potential. The species and rest wavelength of the line are labelled in the lower-left corner of each panel. The vertical 
dashed lines show the H I 21-cm absorption velocities (see Table[5]l. Positions of Galactic ISM absorption lines are marked with a "G" and 
lines associated with the LLS at z = 0.85238 are marked with vertical tick marks. 
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TABLE 6 

Lines Associated with ESO 1327-2041 in the Optical 
Spectrum of PKS 1327-206 



TABLE 7 

Lines Associated with ESO 1327-2041 in the 
HST/FOS Spectrum of PKS 1327-206 



ID 


-^rcst 

(A) 


Vbs 

(A) 


^helio 

(km s -1 ) 


(mA) 


ID 


-^rcst 

(A) 


Vbs 

(A) 


t'helio 

(kms -1 ) 


(mA) 


Call K 


3933.663 


4002.7 ±0.8 


5260 ± 60 


170 ± 140 


Fell 


2344.21 


2386.4 ±0.2 


5390 ± 30 


1400 ±170 






4005.5 ±0.5 


5470 ± 40 


590 ± 190 


Fell 


2382.77 


2425.3 ±0.2 


5350 ± 20 


2140 ± 100 


Ca II H 


3968.469 


4038.1 ±0.8 


5260 ± 60 


90 ± 80 a 


Fell 


2586.65 


2632.9 ±0.2 


5360 ± 20 


1360 ± 140 






4040.9 ± 0.5 


5470 ± 40 


330 ± 110 a 


Mnll 


2594.50 


2641.4 ±0.2 


5420 ± 20 


1590 ± 180 


Na I D2 


5889.950 


5992.9 ±0.2 


5240 ± 10 


610 ± 80 


Fell 


2600.17 


2645.7 ±0.2 


5250 ± 20 


3440 ± 160 






5997.7 ±0.2 


5480 ± 10 


830 ± 90 


Mgll 


2796.35 


2846.2 ± 0.2 


5350 ± 20 


3180 ± 160 


Na I Dl 


5895.924 


5998.9 ±0.2 


5240 ± 10 


400 ± 70 


MglP 


2803.53 


2853.4 ±0.2 


5340 ± 20 


3290 ± 150 






6003.8 ± 0.2 


5480 ± 10 


640 ± 80 


Mgl 


2852.96 


2904.4 ± 0.2 


5400 ± 20 


1290 ± 120 



a The equivalent widths for the Ca II H lines were calculated 
from the apparent column densities measured in the Ca II K 
line profiles, assuming optically thin absorption. 

fidcnce. 

Figure [5] shows the absorption line profiles of all of the 
lines listed in Table [7] Lines marked with a "G" are 
Galactic ISM lines and those marked with solid vertical 
lines are associated with the LLS at z = 0.85238. The 
dashed vertical lines show the velocities of the H I 21-cm 
absorbers at 5255 and 5510 kms -1 . Unfortunately, the 
velocity resolution of the FOS spectrum is comparable to 
the separation of the 21-cm velocity components. Given 
that the average velocity centroid of the NUV line profiles 
is intermediate to the H I 21-cm absorber velocities, it is 
likely that they represent blended absorption from both 
of the 21-cm velocity components. 

3.4. Summary of Absorption Lines Associated with 
ESO 1327-2041 

Two velocity components at 5255 and 5510 kms -1 
have been detected in H I 21-cm, Ca II, and Na I absorp- 
tion, and the low-resolution NUV absorption line profiles 
of Fe II, Mn II, Mg I, and Mg II likely represent blended 
absorption from both components. The 5510 kms -1 ab- 
sorber is coincident in velocity with disk gas in the ex- 
tended spiral arm of ESO 1327-2041 at the location of 
PKS 1327-206 as traced by H I 21-cm emission (CvG92) 
and H II regions in the arm (§ 12. 4|) . The low Ca II/ 
Na I ratio of this component also suggests a galactic disk 
origin for the absorbing gas. 

The origins of the 5255 kms -1 component are less 
clear. It has an unresolved H I 21-cm absorption line 
profile and its Ca II/Na I ratio is even lower than that 
found for the 5510 km s -1 component, both of which sug- 
gest that the 5255 kms -1 absorber is cold disk gas with a 
simple line-of-sight velocity structure. However, the ve- 
locity of this component differs from the disk velocity at 
the quasar position by *~250 kms' 1 , which would usu- 
ally imply a high-velocity cloud origin for the absorbing 
gas. We believe that the 5255 kms -1 component repre- 
sents gas that was tidally stripped from the western side 
of the inclined spiral disk of ESO 1327-2041 as a result 
of a past merger and now resides in the very diffuse tidal 
tail detected in H I 21-cm emission near the position 
of PKS 1327-206 (CvG92). This origin simultaneously 
explains the disk gas signatures and high-velocity cloud 
kinematics of this velocity component. 

One drawback to our H I 21-cm, optical, and NUV 
spectra of PKS 1327-206 is that we are only sensitive 



Note. — The average velocity of this absorption-line 
system is 5360 ± 10 kms -1 . 

a This line is blended with Mg I A2853 absorption from the 
Galactic ISM. 



to neutral or singly-ionized species at the redshift of 
ESO 1327-2041. We are therefore unable to speculate 
on the multi-phase nature of the absorbing gas, which 
may be crucial for understanding the radiation field in- 
cident on the 5255 and 5510 kms -1 absorbers and thus 
their locations with respect to ESO 1327-2041. Detailed 
study of the ionization state of the absorbing gas requires 
searching for Lyman series H I lines or abundant metals 
of varying ionization states (e.g., C II, C III, C IV, Si II, 
Si III, Si IV, N V, O VI) in the far-UV (FUV) spec- 
trum of PKS 1327-206 as has been done for othe r close 
QSO /galaxy pairs (s ee, e.g.. iBowen et al l l200ll [200l 
I Jenkins et alJ l2005t iStocke et all 120041 : IKeenev et alJ 
120051 120061: IChen fc Mulchaevll2009D . 

Unfortunately, there is a LLS at z — 0.85238 that 
makes PKS 1327-20 6 too faint for FUV spectroscopy 
(see Appendix lAl and iBergeron et aLlll987t ). PKS 1327- 
206 was observed by the Galaxy Evolution Explorer 
(GALEX) as part of its All-Sky Imaging Survey and 
found to have a FUV magnitude of 21.2 (F\ w 1.5 x 

10~ 16 ergs s -1 cm -2 A ). However, even with the 
exquisite FUV sensitivity of the rece ntly-installed Cos- 



mic Origins Spectrog raph on HST (|Green et al.l 120101 : 
IQsterman et al.1 12010D it would still take ~ 60 orbits to 
reach S/N = 10 per resolution element (TZ ~ 18,000) 
with the G160M grating (A » 1400-1800 A), which cov- 
ers the Si IV and C I V transitions. 

Tw o recent papers ([Gupta et al . 2010; Borth akur et al.1 
l2010t ) have searched for H I 21-cm absorption in quasar- 
galaxy pairs culled from the Sloan Digital Sky Survey 
(SDSS). Both papers highlight the difficulty of detecting 
galaxies via H I 21- cm absorption: on ly 1 of 5 galax- 
ies were detected by IGupta et al.1 (|2010l) and 1 of 12 by 
iBorthakur etail (|2010l ). and both of these galaxies had 
impact parameters of < 11 kpc to the quasar sight 
line. As fo r the PKS 1327-206 ab sorbers, IGupta et all 
(|2010n and IBorthakur et al.1 (|2010f ) found that their ab- 
sorbers had DLA/sub-DLA column densities and were 
most likely a ssociated with disk gas in the foreground 
galaxies. The IGupta et al.l (|2010D absorber has a signif- 
icantly larger W A (Ca II)/W A (Na I) ratio (1.19 ± 0.19) 
than our PKS 1327-206 absorbers, however, which sug- 
gests that it is embedded in a stronger radiation field. 
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4. DETECTION OF AN EJECTED GALAXY 
NUCLEUS? 

There are several potential identifications for the com- 
pact object embedded in the stellar stream of ESO 1327 
2041. The simplest explanation would be that it is a 
background elliptical galaxy projected in the middle of 
the stream by chance. However, our optical spectrum 
of this source (Fig. [3]) shows that its radial velocity is 
5370±50 km s~ , 90±55 km s~ less than the absorption- 
line velocity of the lenticular nucleus to the south (see 
Tables [5] & HI , so it is clearly not a background object. 

Another explanation would be that the compact object 
is a globular cluster. Close examination of the embedded 
source in Figure [T] shows that it has a relatively bright 
core surrounded by a more extended spheroid of lower 
surface brightness material. The core is marginally re- 
solved with a FWHM of - 0"2 (70 pc) in our HST 
images, which is ~ 3 times larger th an uj Cen, the largest 
globu lar cluster in the Milky Way (|Tolstov. Hill, fe Tosil 
2009). Further more, the core of the embedded object 
has an absolute B-band magnitude of Mr ~ —11-9, 
corresponding to a luminosity of I/r ~ 10 7 Lq, which 
is ~ 5 times l arger than typical globular cluster values 
(M B > -10; iTolstov et al1l2009ft . The more extended 
emission has a FWHM of « 2" (700 pc) and is - 3.5 
times brighter than the core of the embedded source. 
This measurement is somewhat uncertain, however, due 
to the presence of the stellar stream in which it is em- 
bedded. 

Tidal streams created by tidal disruption of a dwarf 
companion galax y have been identified in th e halo 
of our Galaxy dMathewson. Clearv. fc Murravl Il974t 
Maiewski et all 12003 iNewberg et all 12003 lYannv et al l 
2003 iRocha-Pinto et al 2003) and in a few other nearby 
galax i es (e.g., M 31; | lbata et all 120011: iFerguson et all 
12001 iGuhathakurta et all 12006; Bro wn et all 12006ft . If 
both the compact source and the stellar stream of 
ESO 1327-2041 were originally parts of a dwarf compan- 
ion, it would have had Mr < -16. (L B > 4 x 10 s L Q ). 
IGrant. Kuiners. fc Phillip^pOOl found that > 80% of 
dwarf ellipticals in the Virgo cluster with Mr < — 16 had 
central nuclei. Further, the two closest examples of nu- 
cleated dwarfs, the M 31 satellites M 32 and NGC 205, 
both show strong Balmer abso rption in their nuclei 
(|Ho. Filippenko. fc Sargentlll995l ) similar to the Balmer 
absorption seen in the compact object (see Fig. [3J). Re- 
cent ground-based spectroscopy of dwarf ellip ticals in the 
Forna x cluster and nearby galaxy groups ()Koleva et all 
2009) have also found evidence for gradients in age (in- 
creasing) and metallicity (decreasing) with increasing 
galaxy radius, which would explain the age differences 
between the compact object and the stellar stream (see 
§ I2.4[) . Given these compelling similarities we cannot 
be conclusive about ruling out a tidally-disrupted dwarf 
galaxy producing this stream and nucleus, but arguments 
against this hypothesis include: (1) This scenario re- 
quires a collision between three galaxies, not two, a much 
rarer occurrence; and (2) this explanation does not ac- 
count for the absence of a second nucleus in the two 
galaxies to the south. 

Instead, we propose that the hyper-compact object in 
the stellar stream is the spiral's nucleus, ejected during 
the collision. Given that the nucleus has an early-to- 



mid A star spectrum, as evidenced by strong Balmer ab- 
sorption with no associated emissio n, an age for these 
stars is estimated to be ~ 1 Gyr ()Hansen fe Kawalen 
119941: iBruzual fc Charlotll2003l ). If this age indicates the 
time of a starburst created by the collision, then there is 
plenty of time for the nucleus to reach its current loca- 
tion 14 hjQ kpc in projection from the center of the spiral 
arms to the south and consistent with the (poorly con- 
strained) radial velocity difference of 90 ± 55 kms - be- 
tween the ejected nucleus and the lenticular nucleus. The 
somewhat older stars in the stellar stream would consti- 
tute a small bulge of pre-existing stars also ejected dur- 
ing the collision, some with larger and some with smaller 
ejection velocities than the ejected nucleus. However, the 
spiral would also have had time to move a comparable 
or larger distance on the sky since this putative merger- 
triggered starburst. So, by the ejected nucleus hypothe- 
sis, it appears likely that the current collision is not the 
first close passage of these two galaxies and we are seeing 
these galaxies during their second or third close passage. 

Alternatively, the age of the nuclear star cluster may 
not be related to the galaxy-galaxy collision, in which 
case the nucleus could have been ejected at a significantly 
higher velocity given the lack of proper motion between 
the lenticular and the spiral structure superposed on it; 
i.e., the collision which ejected the nucleus is very much 
still on-going. The poor constraint on the velocity differ- 
ence mentioned above and the unknown inclination angle 
of the ejected nucleus' path allow for a consistent picture 
but do not constrain this picture significantly. So, the re- 
quired scenario for an ejected spiral nucleus is somewhat 
complicated. This unresolved discussion invites a numer- 
ical simulation to determi ne how easily these observ ables 
can be reproduced (e.g., iBarnes fc Hibbardl [2009h and 
would lend considerable credence to the ejected nucleus 
hypothesis if they are reproducible. 

Current simulations predict that there are two sce- 
narios which can lead to the ejection of a galaxy nu- 
cleus as a result of the interaction of two galaxies: 
grazing-incidence tidal interactions and merg ers (e.g., 
iMoore et al1ll996l : lKomossa fc Merrittll2008allbl ). In both 
scenarios, the ejected nucleus is expected to consist of a 
supermassive black hole surrounded by a compact stellar 
system with a radius of a few tens of parsecs. In the 
case of galaxy mergers, one of the nuclei can receive a 
kick of up to ~ 1000 kms -1 from asymmetric gravita- 
tional wave emission associated with the merger, causing 
the displaced black hole and any stars within its gravi- 
tational splr^rejDfJj^ from the host 
galaxy (|Komossa fc Merrittl 2008a.b). Usually the so- 
called hypercompact galaxy nucleus that is ejected re- 
mains bound to the new system and eventually sinks via 
dynamical friction to its center where it will merge with 
the undisplaced nucleus. The predictions of these simula- 
tions agree very well with what we observe in ESO 1327- 
2041. 

While we do not know of a completely conclusive test 
of the ejected nucleus hypothesis, the detection of a weak 
AGN in this hyper-compact object would argue strongly 
in favor of that hypothesis. Our VLA L-band contin- 
uum images set a 3<r flux limit of < 1 mJy (correspond- 
ing to L < 10 21 WHz -1 ) at the position of this knot. 
Since many elliptical galaxies have weak radio sources 
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less luminous than this ()Nagar et al.ll2002T) this limit is 
not conclusive, especially in the context of an ejected 
s piral nucleus , which would normally be radio-quiet. 

lLoebl ()2007f ) has assessed the circumstances by which 
a supermassive black hole and at least a portion of its 
accretion disk could be ejected from a galaxy merger in 
progress. He finds that the disk accretion could survive 
for a few million years allowing the black hole to move 
~ 10 kpc away from the galaxy nucleus. Since this is 
the approximate distance that the candidate ejected nu- 
cleus identified here is from its putative nuclear location, 
there is some chance that it may be still accreting. A 
moderately deep Chandra image might detect an X-ray 
source associated with a weak AGN in this nucleus and 
is likely the best observational test; i.e., an ~ 10 7 M 
black hole accreting at ~ 1% of the Eddington rate would 
be detectabl e with Chandra i n a few tens of ksecs. 

Recently, iComerford et al.1 (|2009al fbl) have proposed 
other candidate ejected nuclei based upon a large ra- 
dial velocity difference between two emission line compo - 
nents in a distant AGN (see also lBoroson fc Laueri r2009). 
However, given the large cosmological distance to these 
ejected nuclei candidates, little detail can be discerned 
to confirm their hypothesis. 

5. CONCLUSIONS 

In this paper we have presented new HST imaging 
and supporting ground-based imaging and spectroscopy 
of the complex galaxy system ESO 1327-2041, which 
is located near on the sky to the background quasar 
PKS 1327-206, whose optical, UV, and radio spectra 
contain absorption lines due to the foreground galaxy. 
The HST images reveal that a spiral galaxy is in the 
process of colliding with a lenticular galaxy since differ- 
ent nebular regions in the spiral arms are seen in front of 
or behind the lenticular's bulge. Ground-based imaging 
and spectroscopy confirms that these nebular regions are 
H II regions with velocities close to that of the lentic- 
ular's nucleus. Thus, there is no doubt that these two 
systems are co-spatial (see Fig.[T]). The rather diffuse H I 
21-cm emission associated with this system confirms this 
conclusion since, while some H I is associated with the 
spiral arms in the late-type galaxy disk, much of it has 
been ejected from the spiral and is detected far to the 
north and east of the optical galaxy. There may also be 
some diffuse H I to the south of these galaxies. However, 
the size of the H I emitting area of ESO 1327-2041 is not 
appreciably larger than our estimates of the pre-merger 
size of the galaxy (see Fig. [2|). 

The HST and ground-based images also detect a "stel- 
lar stream" extending parallel to the H I stream to the 
north, which we identify as a tidal feature also created in 
the collision. Unique to this tidal feature (to our knowl- 
edge) the HST images have discovered a marginally re- 
solved source centered in the stream with an intermediate 
age (~ 1 Gyr) stellar population. This knot is too lumi- 
nous (~ 10 7 Lq) and too large to be a globular cluster 
and is unlikely to be the nucleus of a tidally-disrupted 
dwarf companion to these galaxies. We suggest that this 
knot is the hypercompact galaxy nucleus of the inclined 
spiral component of ESO 1327-2041, which was ejected 
from the system as a result of its recent interaction with 
the lenticular component and is itself being shredded by 
tides to produce the observed stellar stream. This asser- 



tion can be supported by detecting a non-thermal X-ray 
point source associated with the putative ejected nucleus 
and by numerical modeling of an early- type/late- type 
galaxy merger that results in the formation of a polar rin g 
galaxy (jWhitmore et al.l[l990HBarnes fc Hibbardll2009f) . 

The PKS 1327-206 / ESO 1327-2041 system provides 
us with a very detailed, and far from simple, view of a 
DLA/sub-DLA system. Rather than an isolated gaseous 
disk of H I, this DLA/sub-DLA is a mixture of two com- 
ponents, only one of which appears related to the spiral 
disk. However, both have Ca II / Na I ratios typical of 
the disk of the Milky Way and not of halo gas. In fact, 
the narrow high- velocity component has a smaller Ca II / 
Na I ratio than the broad H I component we have iden- 
tified as due to the outer spiral arm and so we also iden- 
tify this as disk, not halo or HVC, material. Following 
CvG92, the best identification of the ~ 5250 kms -1 com- 
ponent appears to be with the diffuse tidally-disrupted 
H I found by those authors to the northeast of ESO 1327- 
2041 at similar velocities. 

Using a spin temperature of 100 K, appropriate for 
galactic disk material, the column density associated 
with the outer spiral arm at ~ 5500 kms -1 and the col- 
umn density associated with the high- velocity component 
at ~ 5250 kms^ 1 are nearly equal and, if added together, 
yield a total logAm ~ 19.8 cm~ 2 , a sub-DLA. However, 
using these estimated column densities and the velocity 
separation for the two components, we have simulated 
the Lya profile of this entire system and find it to be 
best-fit by a sub-DLA with a single velocity component 
having logTVHi = 20.0 when the signal-to-noise of the 
spectrum is modest (<15). This experiment suggests 
that using a single-component Lya profile to determine 
iVni for DLAs and sub-DLAs with multiple metal-line 
components can overpredict the total H I column density 
of the system, particularly for closely-spaced components 
with comparable Ahi- 

In summary, of the three low-z QSO/galaxy pairs with 
likely DLA or sub-DLA absorbers that we have imaged 
using HST, neither 3C 232 / NGC 3067 nor PKS 1327- 
206 / ESO 1327-2041 appear to have absorbers that are 
associated with quiescent thick disk gas. Thi s is in keep- 
ing with a recent suggestion by IZwaan et alj (|2008f ) that 
the widths of low-ionization metal lines are too broad 
by a factor of two to be consistent with the canoni- 
cal model of DLAs arising due to ordered rotation i n 
cold disks (IWolfe et allfl^Mlll^lLanzetta et aLllTMl . 
IZwaan et al.l ( 20081 ) conclude that superwind outflows 
or galaxy interactions are most likely the cause of the 
broader velocity widths. The current observational work 
supports this conclusion, particularly the case presented 
here. 

However, we do note that the third QSO/galaxy pair 
in our study, PKS 2020-370 / Klemola 31A does appear 
consistent with rotating disk gas. CvG92 show that the 
observed H I 21-cm emission contour at the quasar loca- 
tion is ~ 2 x 10 20 cm~ 2 with velocities consistent with 
disk rotation. Our HST images show no Ha emission 
beyond the spiral arms in Klemola 31A and neither line 
nor continuum emission is observed at the quasar loca- 
tion. If we imagine that our small sample of H I 21-cm 
and Ca II / Na I absorption-selected DLA/sub-DLAs are 
representative, then we expect that other DLA samples 
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Fig. 6. — The full HST/FOS spectrum of PK S 1327-206. Quasar emission lines at z = 1.169 are labelled and the positions of absorption 
lines associated with ESO 1327-2041 (see §E3]and Table are indicated by the dashed vertical lines. 



are a rather uniform mixture of disk gas, halo gas, and 
gas whose cross-section on the sky has been modestly in- 
creased by tidal interactions during galaxy collisions and 
mergers. 
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APPENDIX 

OTHER ABSORBERS IN THE NEAR-UV SPECTRUM OF PKS 1327-206 

The HST/FOS spectrum of PKS 1327-206 is filled with absorption lines from a variety of redshifts, including 
lines associated with ESO 1327-2041 at z = 0.0178 (cz ss 5500 kms~ ; see § I3.3|I . lines associated with the LLS 
at z = 0.85238 ([Bergeron et al.lfl987| ). intergalactic Lya forest absorbers, and Galactic ISM absorbers. Here we 
present measurements of the absorption-line parameters of these systems. Figure [6] displays the full FOS spectrum of 
PKS 1327-206 with quasar emission lines at z = 1.169 labelled. The dashed vertical lines indicate the positions of 
absorption lines associated with ESO 1327-2041 (see § RT3"1 Fig. [5j and Table 0}. 

Table [8] lists the line identification, rest wavelength, observed wavelength, heliocentric velocity, and rest-frame 
equivalent width of all Galactic ISM absorbers detected at > 4cr confidence. We detect ISM absorption from four Fe II 
transitions, two Mn II lines, the Mg II AA2796, 2804 doublet, and Mg I A2853. We have added a zero-point offset of 
145 ±8 kins" 1 to the FOS wavelength scale so that the interstellar absorption lines have an average velocity (excluding 
Mn II A2594) of ^heiio = ± 10 kms -1 . This same zero-point offset has been added to all wavelengths, velocities, and 
redshifts in Tables [MS 

The LLS is clearly detected in a number of neutral to moderately-ionized species. Table[9]lists the line identification, 
rest wavelength, observed wavelength, redshift, and rest-frame equivalent width of all lines detected at > 4cr confidence 
(observed W\ > 200 mA) that are associated with the LLS. The average redshift of these absorption lines is z = 
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Fig. 7. — Absorption lines associated with the LLS at z = 0.85238 in the HST/FOS spectrum of PKS 1327-206, arranged in order of 
increasing ionization potential. The species and rest wavelength of the line are labelled in the lower-left corner of each panel. The vertical 
dashed line indicates a LLS rest-frame velocity of zero. 



0.85238 ± 0.00001. Figure [7] shows the absorption line profiles of all lines listed in Tabled 

Finally, TablelTUllists the line identification, rest wavelength, observed wavelength, redshift, and rest-frame equivalent 
width for all IGM absorbers detected at > 4a confidence. Fourteen Lya absorbers are detected at redshifts ranging 
from 0.84579 to 1.13536. We also detect one C IV A1548 absorber at z = 0.85021 that lies 780 ±20 kms" 1 blueward of 
the C IV AA1548, 1551 absorbers associated with the LLS. The C IV A1551 absorption at z = 0.85021 is blended with 
the C IV A1548 absorption from the LLS, and the corresponding Lya absorber is blended with the LLS Lya. While 
this absorber may represent a blue component to the LLS absorption, it is not present in any of the LLS absorption 
profiles in Figure IT] except for C IV. 
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TABLE 8 

Galactic ISM Lines in the HST/FOS Spectrum of 
PKS 1327-206 



ID 




^obs 


^helio 






(A) 


(A) 


(km S -1 ) 


(mA) 


Fell 


2344.21 


2344.6 ±0.2 


50 ±30 


1040 ± 330 


Fell 


2374.46 


2374.4 ±0.2 


0±30 


570 ± 130 


Fell 


2382.77 


2382.7 ±0.2 


-10 ±30 


1310 ± 150 


Mnll 


2576.88 


2577.3 ±0.3 


50 ±30 


1100 ±340 


Fell 


2586.65 


2586.7 ±0.2 


10 ±20 


840 ± 270 


MnIP 


2594.50 


2595.9 ±0.2 


160 ± 20 


2460 ± 180 


Mgll 


2796.35 


2795.6 ±0.2 


-80 ± 20 


1500 ± 170 


Mgll 


2803.53 


2803.2 ±0.2 


-30 ± 20 


1170 ± 150 


Mgl b 


2852.96 


2853.4 ± 0.2 


50 ±20 


3350 ± 150 



a This line is blended with an IGM Lya absorber at z = 
1.13536. 

b This line is blended with Mgll A2804 absorption from 
ESQ 1327-2041. 



TABLE 9 

Lines Associated with the LLS in the HST/FOS Spectrum 
of PKS 1327-206 



ID 


■^rest 


^obs 










z 










(A) 


(A) 
















(mA) 


Si III 


1206.50 


2233.3 ± 


0. 


1 





.85104 


± 





.00004 


1960 ± 190 


Lya 


1215.67 


2251.5 ± 


0. 


1 





.85203 


± 





.00004 


3270 ± 400 


Sill 


1260.42 


2334.2 ± 


0. 


1 





.85193 


± 


0. 


00004 


1400 ± 320 


OI 


1302.17 


2412.8 ± 


0. 


1 





.85292 


± 


0. 


00005 


580 ± 50 


Si IP 


1304.37 


2416.8 ± 


0. 


1 





.85286 


± 





.00004 


1060 ± 50 


CII 


1334.53 


2471.4 ± 


0. 


1 





.85187 


± 


0. 


00004 


1610 ± 90 


Si IV 


1393.75 


2581.9 ± 


0. 


2 





.85249 


± 





.00006 


320 ± 140 


Si IV 


1402.77 


2599.7 ± 


0. 


1 





.85323 


± 


0. 


.00004 


390 ± 70 


Sill 


1526.71 


2827.7 ± 


0. 


1 





.85216 


± 


0. 


00005 


380 ± 90 


CIV 


1548.20 


2868.5 ± 


0. 


1 





.85281 


± 





00004 


910 ± 80 


CIV 


1550.78 


2873.5 ± 


0. 


1 





.85293 


± 


0. 


00004 


550 ± 80 


A1II 


1670.79 


3094.9 ± 


0. 


1 





.85236 


± 





.00004 


630 ± 70 



Note. — The average redshift of this absorption-line system is 
0.85238 ±0.00001. 



a This line is blended with Fe II A2374 absorption from ESO 1327- 
2041 but we attribute most of the absorption to Si II at z = 
0.85286. 



TABLE 10 

IGM Lines in the HST/FOS Spectrum of PKS 1327-206 



ID 


Arest 


^obs 










2 










(A) 


(A) 
















(mA) 


Lya 


1215.67 


2243.9 ± 





.2 





.84579 


± 





00007 


240 ± 140 


Lya 


1215.67 


2256.7 ± 





.1 





.85637 


± 


0. 


00005 


460 ± 160 


Lya 


1215.67 


2313.7 ± 





.1 





.90322 


± 


0. 


00005 


420 ± 110 


Lya 


1215.67 


2328.6 ± 


0. 


1 





.91547 


± 





00005 


360 ± 130 


Lya 


1215.67 


2355.1 ± 





.3 





.93728 


± 





00012 


180 ± 100 


Lya 


1215.67 


2454.1 ± 





.2 


1 


.01875 


± 


0. 


00006 


170 ± 60 


Lya 


1215.67 


2504.7 ± 


0. 


1 


1 


.06037 


± 


0. 


00005 


370 ± 80 


Lya 


1215.67 


2521.9 ± 


0. 


1 


1 


.07452 


± 





00006 


230 ± 70 


Lya 


1215.67 


2534.5 ± 





.1 


1 


.08490 


± 


0. 


00004 


720 ± 60 


Lya 


1215.67 


2545.9 ± 


0. 


1 


1 


.09421 


± 





00004 


420 ± 50 


Lya 


1215.67 


2558.9 ± 





.1 


1 


.10492 


± 


0. 


00005 


180 ± 100 


Lya 


1215.67 


2568.3 ± 


0. 


1 


1 


.11270 


± 


0. 


00004 


730 ± 150 


Lya 


1215.67 


2573.5 ± 





.2 


1 


.11697 


± 


0. 


00008 


230 ± 120 


Lya a 


1215.67 


2595.9 ± 


0. 


1 


1 


.13536 


± 





00001 


1150 ± 80 


CIV 


1548.20 


2864.5 ± 





.1 





.85021 


± 


0. 


00004 


430 ± 70 



a This line is blended with Mn II A2594 absorption from the Galac- 
tic ISM. 



16 



Keeney et al. 



REFERENCES 



Adclbcrger, K. L., Steidcl, C. C, Shapley, A. E., & Pcttini, M. 

2003, ApJ, 584, 45 
Barnes, J. E. & Hibbard, J. E. 2009, AJ, 137, 3071 
Barton, E. J. & Cooke, J. 2009, AJ, 138, 1817 
Bergeron, J., Kunth, D., & D'Odorico, S. 1987, A&A, 180, 1 
Bergeron, J. & Boisse, P. 1991, A&A, 243, 344 
Bokscnbcrg, A. & Sargent, W. L. W. 1978, ApJ, 220, 42 
Boroson, T. A. & Lauer, T. R. 2009, Nature, 458, 53 
Borthakur, S., Tripp, T. M., Yun, M. S., Bowcn, D. V., Meiring, 

J. D., York, D. C, & Momjian, E. M. 2010, ApJ, submitted 

(astro-ph/1007.3936) 
Bowen, D., V., Tripp, T. M., & Jenkins, E. B. 2001, AJ, 121, 1456 
Bowen, D. V., Pettini, M., & Blades, J. C. 2002, ApJ, 580, 169 
Bowcn, D. V., Jenkins, E. B., Pettini, M., & Tripp, T. M. 2005, 

ApJ, 635, 880 
Bournaud, F. & Combes, F. 2003, A&A, 401, 817 
Brocils, A. H. & Rhee, M.-H. 1997, A&A, 324, 877 
Brown, T. M., Smith, E., Ferguson, H. C, Rich, Ri M., 

Guhathakurta, P., Renzini, A., Sweigart, A. V., & Kimble, R. 

A. 2006, ApJ, 652, 323 
Bruzual, G. & Chariot, S. 2003, MNRAS, 344, 1000 
Carilli, C. L. & van Gorkom, J. H. 1992, ApJ, 399, 373 (CvG92) 
Chen, H.-W. & Muchaey, J. S. 2009, ApJ, 701, 1219 
Chen, H.-W., Helsby, J. E., Gauthier, J.-R., Shectman, S. A., 

Thompson, I. B., & Tinker, J. L. 2010a, ApJ, 714, 1521 
Chen, H.-W., Wild, V., Tinker, J. L., Gauthier, J.-R., Helsby, J. 

E., Shectman, S. A., & Thompson, I. B. 2010b, ApJ, 724, L176 
Churchill, C. W., Kacprzak, G. G., Steidel, C. C, & Evans, J. L. 

2007, ApJ, 661, 714 
Comcrford, J. M. et al. 2009a, ApJ, 698, 956 
Comerford, J. M., Griffith, R. L., Gerke, B. F., Cooper, M. C, 

Newman, J. A., Davis, M., & Stern, D. 2009b, ApJ, 702, L82 
Ferguson, A. M. N., Irwin, M. J., Ibata, R. A., Lewis, G. F., & 

Tanvir, N. R. 2002, AJ, 124, 1452 
Faucher-Giguere, C.-A. & Keres, D. 2010, MNRAS, submitted 

(astro-ph/1011.1693) 
Giraud, E. 1986, A&A, 161, 206 

Grant, N. I., Kuipcrs, J. A., & Phillipps, S. 2005, MNRAS, 363, 
1019 

Green, J. C. et al. 2010, ApJ, in prep. 

Guyathakurta, P., et al. 2006, AJ, 131, 2497 

Gupta, N., Srianand, R., Bowcn, D. V., York, D. G., & 

Wadadekar, Y. 2010, MNRAS, in press (astro-ph/1007.0288) 
Hansen, C. J. & Kawcler, S. D. 1994, Stellar Interiors: Physical 

Principles, Structure, and Evolution (New York: 

Springer- Verlag) 
Haynes, M. P. & Giovanelli, R. 1984, AJ, 89, 758 
Hcckman, T. M., Sembach, K. R., Meurer, G. R., Leitherer, C, 

Calzetti, D., & Martin, C. L. 2001, ApJ, 558, 56 
Hcitsch, F. & Putman, M. E. 2009, ApJ, 698, 1485 
Ho, L. C, Filippcnko, A. V., & Sargent, W. L. W. 1995, ApJS, 

98, 477 

Ibata, R., Irwin, M., Lewis, G., Ferguson, A. M. N., & Tanvir, N. 

2001, Nature, 412, 49 
Jenkins, E. B., Bowen, D. V., Tripp, T. M., Sembach, K. R., 

Leighly, K. M., Halpern, J. P., & Lauroesch, J. T. 2003, AJ, 

125, 2824 

Jenkins, E. B., Bowen, D. V., Tripp, T. M., & Sembach, K. R. 

2005, ApJ, 623, 767 
Kacprzak, G. G., Churchill, C. W., Ceverino, D., Steidel, C. C, 

Klypin, A., & Murphy, M. T. 2010, ApJ, 711, 533 
Kanckar, N., Smette, A., Briggs, F. H., & Chengalur, J. N. 2009, 

ApJ, 705, L40 

Keeney, B. A., Momjian, E., Stocke, J. T., Carilli, C. L., & 

Tumlinson, J. 2005, ApJ, 622, 267 
Keeney, B. A., Stocke, J. T., Rosenberg, J. L., Tumlinson, J., & 

York, D. G. 2006, AJ, 132, 2496 
Kcnnicutt, R. C, Jr. 1998, ARA&A, 36, 189 
Kcnnicutt, R. C, Jr., Lee, J. C, Funes, J. G., Sakai, S., & 

Akiyama, S. 2008, ApJS, 178, 247 
Keres, D. & Hernquist, L. 2009, ApJ, 700, LI 
Kobulnicky, H. A. & Dickey, J. M. 1999, AJ, 117, 908 
Koleva, M., De Rijcke, S., Prugniel, P., Zailinger, W. W., & 

Michielsen, D. 2009, MNRAS, 396, 2133 
Komossa, S. & Merritt, D. 2008a, ApJ, 683, L21 
Komossa, S. & Merritt, D. 2008b, ApJ, 689, L89 



Krumholz, M. R., McKee, C. F., & Tumlinson, J. 2009, ApJ, 693, 
216 

Kunth, D. & Bergeron, J. 1984, MNRAS, 210, 873 

Lanzetta, K. M., McMahon, R. G., Wolfe, A. M., Turnshek, D. 

A., Hazard, C, & Lu, L. 1991, ApJS, 77, 1 
Lehner, N., Prochaska, J. X., Kobulnicky, H. A., Cooksey, K. L., 

Howk, J. C, Williger, G. M., & Cales, S. L. 2009, ApJ, 694, 734 
Loeb, A. 2007, Phys. Rev. Lett., 99, 041103 

Majewski, S. R., Skrutskic, M. F., Weinberg, M. D., & 

Ostheimer, J. C. 2003, ApJ, 599, 1082 
Martin, C. L. 1999, ApJ, 513, 156 

Mathcwson, D. S., Cleary, M. N, & Murray, J. D. 1974, ApJ, 
190, 291 

Moiseev, A. V. & Bizyaev, D. V. 2009, New Astronomy Reviews, 
53, 169 

Moore, B., Katz, N., Lake, G., Dressier, A. & Oemler, A. 1996, 

Nature, 379, 613 
Morris, S. L., Weymann, R. J., Dressier, A., McCarthy, P. J., 

Smith, B. A., Terrile, R. J., Giovanelli, R., & Irwin, M. 1993, 

ApJ, 419, 524 

Morton, D. C. & Blades, J. C. 1986, MNRAS, 220, 927 
Nagar, N. M., Falcke, H., Wilson, A. S., & Ho, L. C. 2002, New A 
Rev., 46, 225 

Nestor, D. B., Turnshek, D. A., & Rao, S. M. 2005, ApJ, 628, 637 
Nestor, D. B., Turnshek, D. A., & Rao, S. M. 2006, ApJ, 643, 75 
Newberg, H. J., et al. 2003, ApJ, 596, L191 

Noordermeer, E., van der Hulst, J. M., Sancisi, R., Swaters, R. 

A., & van Albada, T. S. 2005, A&A, 442, 137 
Osterman, S., et al. 2010, ApJ, in prep. 

Pcnton, S. V., Stocke, J. T., & Shull, J. M. 2002, ApJ, 565, 720 
Pcroux, C, Bouche, N., Kulkarni, V. P., York, D. G., & Vladilo, 

G. 2010a, MNRAS, in press (astro-ph/1009.0025) 
Pcroux, C, Bouche, N., Kulkarni, V. P., York, D. G., & Vladilo, 

G. 2010b, MNRAS, in press 
Prochaska, J. X. 1999, ApJ, 511, L71 

Prochaska, J. X. & Herbert-Fort, S. 2004, PASP, 116, 622 
Prochaska, J. X., O'Meara, J. M., & Worseck, G. 2010, ApJ, 718, 
392 

Rao, S. M., Turnshek, D. A., & Nestor, D. B. 2006, ApJ, 636, 610 
Richtcr, P., Charlton, J. C, Fangano, A. P. M., Bekhti, N. B., & 

Masiero, J. R. 2009, ApJ, 695, 1631 
Rocha-Pinto, H. J., Majewski, S. R., Skrutskic, M. F., & Crane, 

J. D. 2003, ApJ, 594, L115 
Rosenberg, J. L. & Schneider, S. E. 2003, ApJ, 585, 256 
Roy, N., Chengalur, J. N., & Srianand, R. 2006, MNRAS, 365, LI 
Sembach, K. R. & Savage, B. D. 1992, ApJS, 83, 147 
Steidel, C. C. & Sargent, W. L. W. 1992, ApJS, 80, 1 
Steidel, C. C. 1995, in QSO Absorption Lines, ed. G. Meylan 

(Garching: Springer), 139 
Stocke, J. T., Case, J., Donahue, M., Shull, J. M., & Snow, T. P. 

1991, ApJ, 374, 72 
Stocke, J. T., Keeney, B. A., McLin, K. M., Rosenberg, J. L., 

Weymann, R. J., & Giroux, M. L. 2004, ApJ, 609, 94 
Stocke, J. T., Keeney, B. A., & Danforth, C. W. 2010, PASA, 27, 

256 

Sutherland, R. S. & Dopita, M. A. 1993, ApJS, 88, 253 
Tolstoy, E., Hill, V., & Tosi, M. 2009, ARA&A, 47, 371 
Tripp, T. M., Jenkins, E. B., Bowcn, D. V., Prochaska, J. X., 

Aracil, B., & Ganguly, R. 2005, ApJ, 619, 714 
Whitmore, B. C, Lucas, R. A., McElroy, D. B., 

Steiman-Cameron, T. Y., Sackett, P. D., & Oiling, R. P. 1990, 

AJ, 100, 1489 

Wolfe, A. M., Turnshek, D. A., Smith, H. E., & Cohen, R. D. 

1986, ApJS, 61, 249 
Wolfe, A. M., Lanzetta, K. M., Foltz, C. B., & Chaffee, F. H. 

1995, ApJ, 454, 698 
Wolfe, A. M. & Prochaska, J. X. 2000a, ApJ, 545, 603 
Wolfe, A. M., Gawiser, E., & Prochaska, J. X. 2005, ARA&A, 43, 

861 

Yanny, B., ct al. 2003, ApJ, 588, 824 

York, D. G., Dopita, M., Green, R., & Bechtold, J. 1986, ApJ, 
311, 610 

Zwaan, M. A., van der Hulst, J. M., Briggs, F. H., Verheijen, M. 

A. W., & Ryan-Weber, E. V. 2005, MNRAS, 364, 1467 
Zwaan, M., Walter, F., Ryan-Weber, E., Brinks, E., dc Blok, W. 

J. G., & Kcnnicutt, R. C. 2008, AJ, 136, 2886 



